Introduction
Nephrogenic fibrosing dermopathy is an acquired scleroderma-like fibrosing disorder of idiopathic etiology, only recently recognized, and develops in the setting distinctive irregular edges resembling amoeboid projections [8] . They most commonly develop on the lower extremities between the ankles and thighs but have also been known to appear on the trunk and upper extremities. For reasons that are presently unknown, the face is usually spared [9] . The clinical course is progressive in most cases. It can be very painful, debilitating and sometimes fatal [5] . The patients may develop muscle weakness, bone pain, and joint contractures leading to severe disability.
A high degree of morbidity is associated with NSF since patients usually develop flexion contractures resulting in ambulatory dysfunction. The average age of onset is 48 years although cases from the pediatric and geriatric patient populations have been reported [10, 11] . The initial reports on NSF described only the cutaneous manifestations as it was thought that the disease was limited to the skin, but more recent cases have indicated that the disease process may have a strong systemic component as well. Ting et al. [5] were the first to describe a patient with skin manifestations of NSF who on autopsy was found to have extensive fibrosis and calcification of the diaphragm, psoas muscle, renal tubules and rete testis. Furthermore, Jimenez et al. [6] and Levine et al. [12] reported that the fibrotic process in NSF affects not only the dermis, but also the subcutaneous tissues, fascia, and other organs, including striated muscles, heart, and lungs [4, 5] . These findings are suggestive that NSF may be a systemic fibrosing process.
There is no clinical diagnostic criterion and diagnosis is made by skin and muscle biopsy. The histopathology typically reveals an increase in dermal fibroblast-like cells in the presence of collagen remodeling, thickened collagen bundles, increased elastic fibers, and mucin deposition. Proliferation of dermal fibroblasts and dendritic cells is also evident.
The course of the disease is still not fully understood and complete resolution is very rare. Improvement has been seen in some patients with restoration of renal function either spontaneously or with transplantation [13] . In one case, there was some improvement of the cutaneous lesions after liver transplantation without a concurrent improvement of the underlying chronic renal disease [14] .
Etiology
The etiology is presently unknown and is likely to be multifactorial. The most common factor identified in most patients is the presence of some form of acute or chronic renal injury with no cases till now reported in patients with normal kidney function. There is a lack of evidence supporting that hemodialysis and its related techniques and equipment used has any significant role to play in the development of NSF, although aromatic amines like 4,4 -methylenedianiline introduced into the bloodstream due to repeated heat and chemical sterilization of dialysis equipment have been implicated in some studies [15] .
Patients with chronic kidney disease (CKD) and on hemodialysis are found to have an increased level of circulating immune complexes and antinuclear antibodies. About 30% of patients are positive for anticardiolipin antibodies [16, 17] . This raises the possibility of some abnormal antigenic stimulation or exposure to nuclear superantigens leading to this erratic inflammatory response seen in NSF, but then the patients who developed NSF have never been studied for the presence of the antigens or antiphospholipid antibodies.
Cowper [2] identified that as many as 12% of patients diagnosed with NSF have either a hypercoagulable state such as factor V Leiden, hyperhomocysteinemia, protein C, protein S, and antithrombin III deficiency or a thrombotic event such as deep venous thrombosis, pulmonary emboli, and thrombosed arteriovenous fistula.
The current pathogenetic model for NSF supports the role of aberrantly functioning circulating fibrocytes coupled with the elaboration of fibrogenic factors. Immunohistochemical studies reveal that perhaps a dual positive CD34/procollagen spindle cell is the dominant cell type induced in NSF [18, 19] . It is likely that a circulating fibrocyte is recruited, activated, and proliferated from the circulation to the dermis in response to a yet unidentified trigger [20, 21] . The circulating fibrocyte is a leukocyte that uniquely expresses a combination of leukocyte and antigen presentation markers, as well as the capacity of synthesizing collagen I and III and transforming growth factor-␤ (TGF-␤ ) [18] . These cells are the main effector cells of the process of wound healing, angiogenesis and fibrosis [19] . The role of the fibrogenic factors was underlined by the increased expression of TGF-␤ 1 in affected skin and muscles of NSF patients, together with large numbers of CD68+/factor XIIIA+ dendritic cells in those tissues [6] . Accumulation of dermal mucin, an amorphous gelatinous substance composed primarily of hyaluronan and sulfated glycosaminoglycans, is one of the histopathological hallmarks of NSF [22] . TGF-␤ 1 is hypothesized to stimulate fibroblasts to produce elevated levels of glycosaminoglycans and hyaluronan [6] .
Cowper et al. [23] proposed that a vascular procedure preceded the onset of NSF. In their study, 15% of patients had a nontransplant-related procedure while 48% had a transplant (renal or hepatic). When the placement of a dialysis central catheter or the creation of a fistula was included in the analysis, 90% of patients had one of these preceding the onset of NSF [2] . These findings suggest that some form of tissue injury or vascular injury is a prerequisite to the development of NSF.
Erythropoietin is known to have profibrogenic and proinflammatory effects via the upregulation of TGF-␤ [24] . It has been shown to increase the number of circulating hematopoietic stem cells and endothelial progenitors by as much as 300% [25] . In vivo, it has been shown to trigger the fibrin-induced wound-healing response, similar to what is suspected to happen in NSF. Swaminathan et al. [25] tried to establish a correlation between the occurrence of NSF and erythropoietin therapy. In their study, they found that the incidence of NSF was much higher in patients receiving high-dose erythropoietin therapy [427 U/kg per week (range, 66-1,195) vs. 198 U/kg per week (range, 14-720) among the controls] and also serum albumin concentrations were low and serum ferritin levels were high in patients with NSF. These results suggest that erythropoietin plays a direct role in the pathogenesis of NSF by the upregulation of the TGF-␤ pathway and/or physiologically high erythropoietin levels may act as a surrogate marker for erythropoietin resistance and inflammatory states in patients who devel op NSF. Further studies are needed to clarify this possi bility.
There have been multiple reports describing gadolinium (Gd) as the implicating factor [26] [27] [28] [29] . Grobner [26] was the first to propose a temporal association between the onset of NSF and exposure to gadolinium given as a contrast agent for patients undergoing MRI. In this study, 5 patients with end-stage renal disease (ESRD) on hemodialysis developed NSF within 2-4 weeks after MRI with gadodiamide. The average volume of gadodiamide used for MRI in these patients was 35 ml (17.5 mmol) [28] . Broome et al. [27] published a case series in which 12 patients developed skin fibrosis within 1 week after gadodiamide administration. The odds ratio for development of NSF after gadodiamide exposure was found to be as high as 22.3 in this study. Cowper and colleagues [29] have recently published a study in which patients with ESRD were evaluated during an 18-month period. The incidence of NSF was 4.3/1,000 patient-years. Each radiologic study using gadolinium presented a 2.4% risk of NSF. The association between gadolinium exposure and NSF was highly significant. Other similar studies have described 150 patients who developed NSF following the administration of gadolinium contrast agent (Gd-CA). It was found that more than 90% of these patients were administered the nonionic agent Omniscan (GE Healthcare AS, Oslo, Norway; gadodiamide) or OptiMARK (Mallinckrodt, St. Louis, Mo., USA; gadoversetamide) [30] . These studies raise the possibility that gadolinium-based contrast agents are unsafe in patients with renal failure since impaired kidney function can prevent the clearing of this contrast agent from the body. The half-life of gadolinium in patients with normal kidney function is approximately 90 min, but in patients with advanced renal impairment, the elimination half-life can be prolonged to greater than 30 h [31] . Patients on hemodialysis may require three consecutive dialysis sessions to remove 97% of the administered dose of Gd-CA from the body [32] . Copper, zinc, iron and calcium ions in the body can substitute for the Gd ion, leading to the release of free gadolinium, a process termed transmetallation. The combination of decreased clearance and high level of Gd-chelate in patients with ESRD results in transmetallation of Gd-CA with the release of free gadolinium through replacement of the Gd 3+ within the chelate molecule by body cations such as zinc or copper [33, 34] . This has been shown in studies which have found free gadolinium deposition in the dermis of patients with NSF [35, 36] . Gadolinium in the free ion form is highly toxic and has been shown in animal studies to cause tissue necrosis and fibrosis. The study conducted by Sieber et al. [37] has suggested that the release of Gd 3+ from its chelate subsequently leads to its deposition in the skin which can cause NSF, and there was no additional evidence to support a role for the depletion of endogenous metal ions to play a causative role. Gadodiamide and gadoversetamide were injected into rats in doses of 0, 5 and 10% (excess) content of Gd-free ligand. The animals were then evaluated for the presence and concentration of gadolinium, zinc, and copper in the skin, liver, femur and serum. Skin lesions that were consistent with NSF and had the highest amount of gadolinium were found in those animals that received compounds with the highest risk for the release of Gd 3+ ions, i.e. those contrast agents that had 0% excess ligand. Similarly, no skin lesions suggestive of NSF and lower gadolinium concentrations were seen in those animals that were injected with the contrast agent that had the highest risk for generating a depletion of endogenous metal ions, i.e. agents that had 10% free ligand [37] . Therefore, it has been hypothesized that the free gadolinium ion deposited in the skin may act as a trigger for recruiting the circulating fibrocytes discussed previously [18] .
There is now concern about whether the chemical structure of the contrast agent is important in the development of NSF. There are five Gd-CA available for clinical use. The chemical structure and chemical properties of these agents are shown in table 1 and figure 1 . They are all chelates containing the Gd
3+
. The molecules are configured in a linear or cyclic form and they are available as an ionic or nonionic preparation. The macrocyclic chelates, such as gadoteric acid (Gd-DOTA; Dotarem, Guerbet, Paris, France), bind Gd 3+ more tightly than linear chelates, such as gadodiamide (Omniscan) or gadopentetate dimeglumine (Magnevist, Bayer Healthcare Pharmaceuticals, Wuppertal, Germany). The key to understanding which gadolinium agent is toxic to the body is in the stability of the chelate molecules which is expressed in terms of the thermodynamic stability constant, conditional stability and kinetic stability (dissociation half-life under very acidic conditions) [38] . Some gadolinium preparations have excess chelate to prevent formation of free Gd 3+ in the solution. The presence of this excess chelate indicates low stability of the preparation. Nonionic linear gadolinium chelates, which have the lowest thermodynamic and constant stability values, and the highest amount of excess chelate in comparison to the other types of Gd-CA are the least stable and most prone to transmetallation [32, [38] [39] [40] 42] and should be avoided in patients with renal insufficiency.
The prevalence of NSF after exposure to gadodiamide has been reported to be between 3 and 7% in patients with reduced renal function in several different studies [27, 29, 41, [43] [44] [45] . In a well-defined cohort of CKD stage 5 patients (GFR ! 15 ml/min/1.73 m 2 ), single exposure to gadodiamide was associated with a 12% (95% CI: 6-21) NSF prevalence, whereas the NSF prevalence was 36% (95% CI: 18-59) after two exposures [46] . The prevalence of NSF due to exposure to the other less stable agents, gadopentetate dimeglumine and gadoversetamide, is unknown. Those contrast agents that are based on the DOTA ligand or the DTPA ligand have not yet been reported to have a cause and effect relationship to the development of NSF [47] .
Sadowski et al. [41] have analyzed the risk factors associated with development of NSF in patients who were exposed to gadolinium contrast. Covariates studied were serum creatinine, serum albumin, hemoglobin, serum pH, red cell size/morphology, serum bicarbonate level, C-reactive protein level, antinuclear antibody titer, number of proinflammatory events per patient and number of contrast-enhanced MRI exams. Proinflammatory events in the study included a broad group of conditions in which the body had sustained major tissue injury through surgery, vascular complications or systemic infection. The results showed that 4,236 patients underwent contrast-enhanced MRI of whom 393 had estimated GFR (eGFR) ! 60 ml/min/1.73 m 2 and 3,843 had eGFR 1 60 ml/min/1.73 m 2 . Of the patients with eGFr ! 60 ml/ min/1.73 m 2 , 131 had a proinflammatory event and were hospitalized and only 6 of these patients developed NSF. This resulted in a 1-year NSF incidence of 4.6%/hospitalized patient with eGFR ! 60 ml/min/1.73 m 2 and having some form of proinflammatory condition [42] . The risk increased with the degree of renal insufficiency, number of proinflammatory events and the number of contrastenhanced MRI examinations. The individual GFR of the 6 cases that developed NSF have not been given in the study; however, the authors described 13 patients who developed NSF and had been exposed over a period of 4 years. Out of these 13 patients, 11 patients had CKD stage 4 or 5 (some were on dialysis) and only 2 patients were labeled as CKD stage 2 or 3. These 2 patients were found to have acute renal failure. Thus, patients with ESRD on dialysis or those with eGFR ! 30 ml/min/1.73 m 2 are at high risk of developing NSF when exposed to gadolinium contrast with an ongoing proinflammatory state. In another study, 190 patients with varying stages of CKD and exposed to gadolinium contrast were retrospectively studied for development of NSF. Eighteen of these patients (approximately 10%; 95% CI: 6-15%) were diagnosed with NSF within a mean follow-up period of 29 months (range 16-43 months). All 18 cases had CKD stage 5 at the time of their gadodiamide exposure. The prevalence of NSF among patients with CKD stage 5 at exposure (n = 102) was 18% (95% CI: 11-27%). No cases were seen among 88 gadodiamide-exposed patients who had milder degrees of renal insufficiency (prevalence 0%, 95% CI: 0-4%) [48] .
About 90% of the NSF cases reported to the International Registry of NSF at Yale University are in patients who are on dialysis [49] . Another study showed that 80% of NSF cases were found in patients on dialysis and another 10% were either CKD stage 4 or 5 and the remaining 10% had acute kidney injury. No patients with an eGFR 1 30 ml/min/1.73 m 2 were identified [50] . Peritoneal dialysis poses an even higher risk for the development of NSF. One study has shown that attack rates among peritoneal dialysis patients were 10 times higher than among patients on hemodialysis [51] . The incidence and prevalence of the disease are difficult to ascertain. NSF affects about 4% of patients with advanced CKD or ESRD [27, 44] . In another study, the yearly incidence was calculated at 4.3 cases/1,000 patients in a stable outpatient ESRD population treated at three different centers [29] . No study till now has yet been conducted to assess the relative prevalence of NSF among patients with different stages of CKD that have been exposed to gadolinium-containing contrast agents. Thus, it is impossible to determine at what stage of CKD the use of gadoliniumcontaining contrast agents is safe, but the general trend from all reported cases is that patients with eGFr ! 30 ml/ min/1.73 m 2 and ESRD are at the highest risk. Almost all cases of NSF have been associated with the administration of gadolinium-containing contrast media. However, all patients who receive gadolinium and have renal impairment do not develop NSF. Studies have suggested additional risk factors which include medications that could cause transmetallation of gadolinium, high doses of erythropoietin [21] , concomitant medical conditions, including acidosis, recent surgery [2] , hepatic disease, hypercoagulability [15] and proinflammatory processes [41] .
In light of current evidence, the FDA has issued the following recommendations [52] . First, we must identify patients at risk of developing NSF which includes patients with acute or chronic severe renal insufficiency (glomerular filtration rate ! 30 ml/min/1.73 m 2 ) or acute renal dysfunction due to the hepatorenal syndrome or in the perioperative liver transplantation period. Second, it is imperative to avoid the use of gadolinium-based contrast agent in patients with known risk factors for developing NSF unless the diagnostic information is essential and cannot be obtained with a non-contrast-enhanced MRI or other diagnostic procedures. Third, if a GBCA has to be administered, avoid exceeding the recommended GBCA dose stated in the product label and allow a sufficient period of time for elimination of the agent from the body prior to any GBCA readministration. Furthermore, in patients receiving hemodialysis, prompt hemodialysis should be done after administration of a GBCA since hemodialysis enhances GBCA elimination from the body. Lastly, patients on peritoneal dialysis should perform more frequent manual exchanges or additional automated peritoneal dialysis cycles for at least 48 h after administration.
The FDA recommendation should not preclude nephrologists from using gadolinium in CKD patients but rather limit its use in high-risk populations. It would be impossible to completely ban the use of gadolinium in CKD patients since the use of contrast-enhanced MRI is extensively used in nephrology to help diagnose renal artery stenosis, renal malignancies, and osteomyelitis. The alternative to gadolinium is to use intravenous contrast. One would prefer to use intravenous contrast, especially if the imaging is comparable, in patients on dialysis since the risk of developing contrast-induced nephropathy is clinically of no importance in this particular population. The clinical dilemma arises in situations where gadolinium-enhanced imaging would be superior to that of intravenous contrast to deliver the clinical information needed and where the patient is on dialysis. Current FDA guidelines would deter the nephrologist from the use of gadolinium. Although intravenous contrast would be a reasonable alternative, it is associated with the risk of anaphylaxis and the complication of radiation exposure to the patient. The other potential clinical predicament occurs in patients with moderate CKD. The true risk of developing NSF after gadolinium in this population is not clearly known at the moment, while the risk of developing contrast nephropathy can be between 10 and 20% [53] . Choosing the most clinically appropriate imaging study for this particular patient population will have to be done bearing in mind the risks and benefits of the two available contrast agents. Clinical data comparing the long-term safety of these agents in CKD is currently limited to make any formal recommendations.
Differential Diagnosis
The differential diagnosis of NSF is quite broad and includes several sclerosing and mucin deposition disorders some of which have been shown in table 2 . NSF presents as painful erythematous or skin-colored papules or nodules. Sometimes, when these nodules coalesce to form indurated plaques, differentiation from other sys- temic sclerosing conditions becomes difficult. All patients with NSF are found to have some degree of renal insufficiency and many may be on dialysis. Laboratory tests such as peripheral eosinophils (high in eosinophilic fasciitis and toxic fibrosing disorders), long-acting thyroid stimulator antibodies (seen in pretibial myxedema) and autoantibodies (anti-Scl-70 or anticentromere antibodies in systemic sclerosis) can help in making the diagnosis. From the list of potential differential diagnoses, scleromyxedema is the most difficult to differentiate (table 3). Patients with scleromyxedema develop indurated plaques on the face, while facial lesions are generally spared in patients with NSF. A monoclonal paraprotein, usually of the IgG lambda type, is often present in scleromyxedema but is absent in patients with NSF. The histology also helps differentiating the two diseases. There is a significant amount of inflammatory infiltrate and a lot of mucin deposits seen in biopsies from patients with scleromyxedema which is not seen in NSF [54] . Thus, a thorough history and physical exam coupled to a comprehensive laboratory evaluation and a tissue biopsy can help in making an accurate diagnosis.
Treatment
We have only begun to understand the disease process and as expected there is no single treatment that has been shown to be effective. High-dose intravenous immunoglobulin [55] , extracorporeal photopheresis [56] , immune suppressive medications (oral/topical steroids [57, 58] , calcipotriene ointment [59] , cyclophosphamide [60] , cyclosporine, thalidomide, interferon-␣ ), psoralen, and ultraviolet light [61] have been reported to provide some benefit, but evidence is derived from either individual case reports or small case series and must be interpreted with caution. There is accumulating evidence in support of renal transplantation as a safe and effective treatment option where patients have reported improvement of their symptoms after transplantation.
Conclusion
NSF is characterized by a hardening and thickening of the skin which over time results in flexion contractures of the involved joints. Although no known mortality has yet been established, patients usually have a significant degree of ambulatory dysfunction. Our knowledge of this debilitating disorder is limited at the moment and conclusions and suggestions for treatment, of which there are none, are derived from either case reports or small case series. There is accumulating evidence that gadolinium may play a role and recommendations are to avoid use of GBCA in patients with moderate to severe renal insufficiency. We still have a lot to learn about this disorder especially with regard to its natural course, prognosis, and especially its cause, pathogenesis, and treatment. Although it still remains an underreported condition, early recognition and diagnosis will be paramount in achieving a better understanding of this disease. 
